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Here we demonstrate that the Kondo resonance of manganese phthalocyanine molecules on an Au(111) substrate have been reversibly switched off and on via a robust route through attachment and detachment of single hydrogen atom to the magnetic core of the molecule. As further revealed by density functional theory calculations, even though the total number of electrons of the Mn ion remains almost the same in the process, gaining one single hydrogen atom leads to redistribution of charges within 3d orbitals with a reduction of the molecular spin state from S = 3/2 to S = 1 that directly contributes to the Kondo resonance disappearance. This process is reversed by a local voltage pulse or thermal annealing to desorb the hydrogen atom.
Control over charge and spin states at the single molecule level is crucial not only for a fundamental understanding of charge and spin interactions but also represents a prerequisite for development of molecular electronics and spintronics [1] [2] [3] . While charge manipulation has been demonstrated by gas adsorption 4 and atomic manipulation 5 , the reversible control of a single spin of an atom or a molecule has been challenging.
Typically, atomic or molecular spin can be probed as a Kondo effect that manifests itself as a conductance anomaly at the Fermi level when it is coupled to a metallic system 6, 7 . However, an effective method to manipulate molecular spin both individually and ensemble has been limited 8 . In this paper, we present the reversible control of a single spin in manganese phthalocyanine molecules on an Au (111) substrate. This process can be reversed by a local voltage pulse or thermal annealing to desorb the hydrogen atom, accompanied by a recovery of the molecular Kondo resonance.
Molecules with a single metal ion, including metal phthalocyanines (MPcs), metal porphyrins (MPs) and their derivatives, are ideal prototypes to study spin related phenomena due to their versatility and the tunability of charge and spin 3 properties 9,10 . When magnetic MPcs or MPs are placed on metal surfaces, the Kondo resonance induced by the interaction between a localized spin of the molecule and conduction electrons from the substrate manifests itself as a narrow, pronounced peak in the density of states close to the Fermi level. While many attempts have been applied to govern the Kondo process, including conformation variation [11] [12] [13] [14] [15] , alteration of adsorption site 16, 17 , quantum size effects 18 , ligand attachment 19 , molecular assembly 20 and atomic doping 21 Au(111) surface, isolated MnPc molecules preferentially occupy the elbow and face centered cubic (fcc) sites. The STM image unambiguously confirms an intact molecular structure after thermal deposition with exhibition of a protruding "cross" feature with four-fold symmetry 16, 18 . After the MnPc/Au(111) sample was dosed with 30 Langmuir (L) of H2 at room temperature (RT) and subsequently cooled down to 4.2 K, all molecules retained the cross feature but some showed a depression at the center. After extensive H2 dosage, all of the original MnPc molecules can be turned into molecules with a depression at the center ( Fig. 1b and Supplementary Fig. 1 ).
The variation of the molecular morphology after the H2 gas dosage can be attributed to the chemical adsorption of a single hydrogen atom onto the MnPc 4 molecule, according to key control experiments summarized as follows: (1) This change of molecular morphology is reversible. We observed that by applying a positive voltage pulse (e.g. 2.0 V for one second with feedback loop off) the bright protrusion feature of the MnPc molecules can be recovered on a depression. This behavior is consistent with a tip induced detachment 4 of adsorbates from the MnPc molecule. Alternatively, the depression feature can be switched back to a bright protrusion by thermal annealing of samples at 500 K for 10 mins. (2) The apparent height of the molecule remains unchanged when the H2 is dosed at 4.2 K instead of RT, even with very high dosage capacity (1000 L). We observed that intact H2 molecules can only reside around the MnPc molecules without modification of the intrinsic molecular structure ( Supplementary Fig. 2 ). This suggests that the interaction between the H2 and the MnPc molecules is weak and absorption of molecular hydrogen cannot be the origin of the process demonstrated in the Fig. 1. (3) A threshold voltage of +1.28 V is required in order to detach the adsorbate from the host MnPc molecule ( Supplementary Fig. 3 ). This threshold voltage suggests the binding between adsorbate and the molecule is chemical adsorption rather than physical adsorption, which demonstrates that the absorption of the H2 cannot be the origin of the process shown in the Fig. 1 . (4) Lastly we also carried out one control experiment by direct dosage of atomic hydrogen gas 22 (Supplementary Section 2.), and similar features of the molecular morphology change were also obtained. From these key experiments we conclude that the depression feature after dosage of hydrogen gas is due to adsorption of atomic hydrogen (labeled as "H-MnPc").
We explored and compared in detail the difference of electronic structure between the MnPc and the H-MnPc states by measuring differential conductance (dI/dV) spectra. As shown in the upper red curve in Fig. 1c , the dI/dV spectra acquired at the center of the original MnPc molecules consistently show a pronounced step shaped feature at zero bias, regardless of the molecular adsorption configurations and locations on the Au terraces. Such step shaped feature in dI/dV spectra is very sharp and close to the Fermi level. This spectra feature manifests linear splitting at the 5 presence of magnetic field ( Fig. 1d ) as well as temperature dependence ( Supplementary Fig.8 ), and thus it can be safely attributed to the Kondo resonance 6, 7, 23, 24 . In contrast, the dI/dV spectra of the H-MnPc state (middle blue curve in Fig. 1c ) are featureless in this energy range. Importantly, once the H-MnPc state was switched back to the MnPc state, its electronic structure including the Kondo resonance can be fully recovered (bottom red curve in Fig. 1c ) in addition to the recovery of the topographic feature. However, the effective charges in individual d orbitals are redistributed. Before hydrogen adsorption, the Mn ion in the MnPc molecule has a net spin of S=3/2. This is due to two partially paired orbitals, and , and two unpaired orbitals, and 2 (Fig. 2b) . The Kondo resonance observed in the dI/dV spectra in this case originates from an exchange interaction between the localized spin of the magnetic 6 Mn ion and the conducting electrons of the Au(111) substrate 26 . After atomic hydrogen decoration (i.e., in the H-MnPc state), the spin polarization decreases in the 2 orbital: Before adsorption the spin-up charge in this state is close to one while the spin-down charge is close to zero. After adsorption the charge in both spin states is close to 1/2. This leads to a decrease of the net spin of the Mn ion from S=3/2 to S=1 ( Fig. 2c ). Because the Kondo effect strongly depends on the coupling between the localized spin and the conducting electrons, a reduced molecular spin state directly contributes to the suppression of the Kondo effect (Supplementary Section 4). 27, 28 A schematics of manipulation of the molecular Kondo effect by hydrogen adsorption and desorption is illustrated in Fig. 2d .
In principle, the appearance or disappearance of the Kondo resonance on this magnetic molecule can be seen as a single bit of information. This may have implications for information recording and storage at the ultimate molecular 6 and Supplementary Fig. 7) , with one example shown in the Fig. 3c . While the inter-molecular spacing is as small as 1.4 nm in a close-packed array, all the dark-dot features in the dI/dV mapping remain localized at the center of the MnPc molecules, 7 and the dI/dV spectra of the Kondo switching recorded in the molecular assembly show no difference from our observation of isolated molecules ( Supplementary Fig.   7 ), regarding characteristic parameters such as the Fano factor (q) and the Kondo temperature (TK). Correspondingly, no change occurs in the molecular framework during the spin manipulations within the molecular assembly, in contrast to previously investigated systems, which involve conformational changes at the periphery of the molecule 11, 13, 14 . A storage system based on the molecular spin states thus describes the ultimate limit of information storage. Furthermore, all the MnPc molecules in the arrays exhibit consistent Kondo features, suggesting a site-independent Kondo resonance and the inter-particle interactions can be weak enough to become negligible in the process. ( Fig. 1 and Supplementary Fig. 7 ). Even more importantly, such molecular spin switching can be consistently achieved back-and-forth for many times with no observable change of the Kondo features. To substantiate the robustness of the spin switching process, we have quantified both TK and q of MnPc state from a Fano fitting ( Supplementary Fig. 8 ) and monitored both parameters during the spin switching process by repeatedly absorption and desorption of H-atom, with results summarized in the Fig. 3d . That both, the TK and q values in the spin manipulation cycles remain constant supports the robustness of this process. Atomic localization feature of the Kondo resonance switching makes it possible to create more complex patterns based on molecular spin state, including one example of a digitalization from (000) to (111) that can be fabricated from a larger 3 × 8 molecular array ( Supplementary Fig. 9 ). behavior. Our demonstration of robust Kondo switching in a molecular array could also be applied as nonvolatile classical information recording and storage at the ultimate molecule limit without the requirement of molecular conformation change.
Future design of more complex molecular framework might offer a way to enable and tailor coherent spin coupling through such as inter-molecular bridge 35 . 
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METHODS SUMMARY
Experimental method
Experiments were carried out in an ultrahigh vacuum (base pressure of 1×10 -10 mbar) LT-STM system (Unisoku), equipped with standard surface processing
facilities. An atomically flat Au(111) surface was prepared by repeated cycles of sputtering with argon ions and annealing at 800 K. Commercial MnPc molecules (Sigma-Aldrich, 97% purity) were sublimated from a Knudsen-type evaporator after thermal purification, while the Au(111) substrate was held at room temperature. One monolayer refers to a close-packed MnPc layer covering the whole Au(111) surface, as examined by STM ( Supplementary Fig. 6 ). STM images were acquired in the constant-current mode with bias voltage applied to the sample. Spectroscopic measurements were performed by using a lock-in technique with a 0.5 mVrms sinusoidal modulation at a frequency of 973 Hz. Most images and spectra were obtained with electrochemically etched tungsten tips at 4.2 K, but the magnetic field dependent measurement was performed at 0.4 K. Measurements of local spectroscopy were electronically calibrated by performing dI/dV measurements on clean Au(111) before and after measurements on molecules, based on the well-known Au (111) surface state 36 . The atomic H is generated by cracking H2 molecules with hot tungsten filament, which is placed very close (~5 cm) to the sample.
Calculation details
The DFT calculations were performed using Vienna ab-initio simulation package 
H2 adsorption and decomposition on the Au(111)
We systematically investigated effects of dosage of H2 gas to the MnPc/Au(111) system by varying substrate temperature from 300 K to 4 K. The adsorption of the H2 molecules onto the substrate was evident in the whole temperature range in the dI/dV spectra on a bare Au surface, which can be attributed to the H2 molecular vibration ( Supplementary Fig. 2g Supplementary Fig. 2 shows one example of H2 dosage at 4.2 K. All MnPc molecules were not converted to H-MnPc state as evidenced by the line-profile across the molecular center, even though they were accumulated by H2 molecules with a nearest-neighbor spacing of ~0.38 nm which is consistent with bulk solid hydrogen ( Supplementary Fig. 2f Tunneling current is 8 pA for both d and e; Scale bar, 5 nm for d and 1 nm for e. f, 23 Line profile across center of the MnPc in e. g, The dI/dV curve of H2 on the Au(111), acquired at the cross mark in e. 
STM electric field effect on the H atom detachment process
PDOS and STM simulation of the MnPc/Au(111) before and after hydrogen adsorption
We calculated and compared configurations of the MnPc and H-MnPc states by DFT calculations. The configurations as shown in Supplementary Fig. 4a are energetically stable after optimization. The adsorption energy of the MnPc on the 24 Au(111) is found to be reduced by 163 meV after the H decoration, which suggests a reduced molecule-substrate interaction. In addition, our calculation shows that the separation between the molecular plane of the MnPc and the Au(111) surface increases from 3.1 Å to 4.0 Å after the H decoration ( Supplementary Fig. 4b ).
Because Kondo scattering strongly depends on the coupling between the localized spin and the conducting electrons, both a decrease of molecular spin state (from S=3/2 to S=1, as discussed in the main text) and an increase of molecule-substrate spacing should contribute to the disappearance of the Kondo effect by the H-adsorption, but the reduction of net spin should play a dominant role 3 . Van der Waals interactions in this case will slightly decrease the distance between molecule and surface. However, they will not change the electronic structure or the overlap between molecular states and states of the substrate. We would like to discuss further about spin S=1 state after a single H-atom adsorption, which is also defined as Kondo OFF state in Figure 2 . As compared with S=3/2 state, our current experiment cannot preclude a possibility that the S=1 state may lead to an underscreened Kondo effect 4 but with characteristic Kondo temperature below 0.4 K (i.e. current detection limit of our apparatus). In the future, mK-STM might be able to provide more insight of S=1 state as observed here. Since our spin manipulation experiments (Fig.3) were all performed at 4.2 K, it is safe to define Kondo On and Off states based on conductance features. In order to evaluate effects of possible exchange interaction between neighboring molecules on the Kondo switching process, we investigated a close-packed monolayer 27 sample. The Supplementary Fig. 6 and 7a show one example with some of the MnPc molecules that were already converted to the H-MnPc state (e.g., molecule
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Spin switching in a close-packed molecular array
highlighted by a blue dashed circle). This H-MnPc molecule was subsequently converted back to the MnPc state by applying a voltage pulse (red dashed circle in the Supplementary Fig. 7b ). For comparison, the dI/dV spectra corresponding to different molecular states highlighted by blue, red and black dashed circles were presented and compared in the Supplementary Fig. 7c , respectively. We have observed no significant difference of Kondo ON and OFF states between close-packed molecular array and isolated molecules in Fig. 1c . This suggests that the effect of exchange interaction among neighboring molecules can be neglected 5, 6 . Importantly, the fact that reproducible spin switching process of molecules within a close-packed array can be achieved and shows no difference from that of isolated molecules provides a proof-of-principle for future applications in ultrahigh density information storage and operation at the ultimate molecular limit. 
Supplementary
Kondo resonance with temperature and a typical fitting procedure for determining q and TK of Kondo resonance
To analyze the Kondo resonance in the switching process quantitatively, we fit the dI/dV line shape with a Fano function 7 ,
where ε ' =(eV-ε0)/Γ, A is the amplitude coefficient, B is the background, ε0 is the energy shift of the resonance from the Fermi level, q is the Fano factor, Γ~kBTK is the half width of the resonance, and TK is the Kondo temperature. By fitting to the Fano function, we obtain an average value of q=−1.03±0.05 and the TK ~61.9±2.7 K for the Kondo ON state (Supplementary Figure 8a) .
The temperature dependence of Kondo resonance was also measured on the monolayer MnPc on Au(111). As shown in Supplementary Figure 8b , the Kondo resonance disappears at 77K, which is consistent with our estimation of TK at ~ 61.9 K. -0.2 V; Tunneling current: 10 pA; Scale bar, 5 nm. b, The dI/dV mapping at 4 mV acquired simultaneously with a. Kondo ON is defined as "1" state and Kondo OFF is defined as "0" state. According to this notation, a series of digitized states from "0 0 0" to "1 1 1" can be designed and created based on the spin state of individual molecules within the array. 31 
The reason why we did not consider the vdW interaction in this calculations
In our formerly published paper 8 , we discussed in detail the reason why we didn't include van der Waals interaction in our calculation. The vdW interaction induced a close molecule-substrate distance and then influenced the electronic structure at the interface. However, even though the dispersion corrected DFT method (DFT-D), in which vdW interaction is explicitly incorporated by using dispersion force field 9 , performs fairly well in π-π packing systems 10 , it overbinds the molecules to the metal substrate [11] [12] [13] [14] , and sometimes overestimates the binding energy with an error that is larger than the underestimates of a PBE functional 13 . One example in which the dispersion corrected DFT (DFT-D) method might give a wrong conclusion is the CoPc/Cu(111) system. In this system, a modified DFT-D method gave a stronger binding energy than did LDA 15 . The recently developed vdW-DF method 16 sometimes did not perform well in a molecule-metal interface either. According to published results, vdW-DF calculations predicted a binding distance between the aromatic molecules and Cu(111) substrate to be much larger than the experimental results 17, 18 . At the same time, the traditional GGA functional works well in some MPc-metal systems. Baran et al.'s calculated results of CoPc(SnPc)/Ag(111) using the PBE-GGA functional showed excellent agreement with experiments. Taking the SnPc/Ag(111) system as an example, the calculated 3.7 Å Pc-surface distance was relatively close to the experimental result (3.6 Å ) 19 . The Sn-surface distance also fit very well. In the PW91 functional, there is overbinding coming from the exchange part. Zhang et al. shows this will make the PW91functional occasionally work fairly well in a vdW-dominated system 20 . Therefore, we used a PW91-GGA functional to make the systematic study.
